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High quality epitaxial NbN/MgO/NbN Josephson junctions have been realized with MgO 
barriers up to a thickness of d=l nm. The junction properties coherently scale with the size 
of barrier, and low critical current densities down to 3 A/cm^ have been achieved for larger 
barriers. In this limit, junctions exhibit macroscopic quantum phenomena for temperatures 
lower than 90 mK. Measurements and junction parameters support the notion of a possible 
use of these devices for multiphoton quantum experiments, taking advantage of the fast 
non equilibrium electron-phonon relaxation times of NbN. 
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Advances in the quality of the traditional 
Josephson structures based on Nb and Al tech- 
nology as well as the search for high qual- 
ity junctions of different materials are a ma- 
jor contribution in superconducting electron- 
ics. In addition they may respond to a 
wider spectrum of qubits requirements and 
functionalities, and may contribute to investi- 
gate quantum regimes^'^. We inquire on the 
quantum behavior of low critical current den- 
sity (Jc) NbN/MgO/NbN Josephson junctions 
( J Js) . These kinds of J Js are usually aimed to 
high Jc values of about lOkA/cm^ and used in 
superconducting electronic circuits^i^. In this 
work we show that the NbN junction tech- 
nology can be extended to low Jc values of 
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about 3A/cm?, which are two to four orders 
of magnitude lower than previously reported 
values^. NbN is a material of great interest for 
sensor applications^"— and it guarantees both 
fast non equilibrium electron-phonon relaxation 
times (t) and higher gap values, when compared 
with traditional junction technologies based on 
Nb, Al and Pbi^. 

In this work, a canonical quantum behavior 
typical of a moderately damped junction is ob- 
served along with a crossover temperature be- 
tween the thermal and quantum regime of about 
90 mK. We found a phase diffusion regime, with 
a damping parameter Q ~ 3 consistent with 
what observed in various Josephson systema^i. 
The possibility to achieve very low critical cur- 
rent densities in moderately damped NbN junc- 
tions, combined with their short electron relax- 
ation time T < lOpsi^, paves the way to ex- 
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FIG. 1. Current- Voltage characteristic of a 
diameter JJ measured at 290mK. 



periments aimed at observing extreme multi- 
photon tunneling quantum effects^"^ thus ex- 
tending studies performed up to now on few 
photons processes^^— . The intrinsic proper- 
ties of low-Jc NbN junctions with maximum 
critical current Ico < i^A meet the condition 
T < h/Ej = 2e//co, where Ej — hIco/2e is 
the Josephson energy, nominally required to ob- 
serve multi-photon effects in the presence of a 
non-stationary signal. These parameters would 
guarantee accessible working regimes to possi- 
bly observe Euclidean resonance (ER)^. Ac- 
cording to numerical simulations presented by 
Ivlev et alfi^ for ER proposals, our moderately 
damped junction would require amplitudes (/) 
and frequencies (rip) of the non stationary com- 
ponent of the bias current lower than 0.2 iiA 
and larger than 20 GHz respectively, which are 
experimentally feasible values. 

The JJs used in this work consist of an epi- 
taxially grown NbN/MgO/NbNtrilayeril. Epi- 
taxial MgO is traditionally a high quality tunnel 
barrier^^ whose complete impact on supercon- 
ducting electronics is still under investigation 
and depends on the interface with the super- 
conducting layers, on its epitaxial quality and 
possibly on its thickness. 

In the present work, the NbN base (BE) and 
counter electrode (CE) are both 200nm thick 
and were deposited on a single-crystal MgO sub- 
strate at ambient substrate temperature^^ using 
DC magnetron sputtering with a Nb target in 
a mixture of 5 parts argon and 1 part nitro- 
gen gases. The MgO tunnel barrier is about 
l.Onm thick and was deposited by rf sputtering 



using a low incident rf-power density in order 
to avoid damaging of the surface of the base 
electrode. This step was followed by junction 
definition using a reactive ion etch (RIE) fol- 
lowed by the deposition of a MgO insulating 
layer patterned by a lift-off process. Finally, a 
wiring layer was realized by deposition of 350nm 
of NbN which was then patterned and defined 
by RIE. The realized junctions have a super- 
conducting transition temperature of about 16.6 
K for both electrodes. A typical example of 
current-voltage characteristics is shown in fig. 
[1] at the temperature of 290 mK. We measured 
circular junctions of various diameters ranging 
from 2 to lO/im and consistently found a crit- 
ical current density of 3A/cm^. Large values 
of the gap voltage (Vg = 5.7mV) and of the 
IcoRn product, with Rjq the normal state resis- 
tance, of about 5mV have been measured along 
with a small subgap leakage voltage {Vm = 
23.5TOy measured at 3m V)^. From the mag- 
netic field dependence of the critical current we 
estimated a London penetration depth (A^) of 
about 190nm meanwhile the Josephson pene- 
tration depth was Aj = 150/xm. This nomi- 
nally guarantees more uniform currents than in 
devices of comparable sizes but larger Jc- It 
should be noted that many measurements of Al 
using resonant methods have been reported in 
literature^i"— . Our value is nearly a factor of 
2 lower than what found for near-stoichiometric 
polycrystalline film o^^'^^ but it is in very good 
agreement with the value obtained on a single 
crystal NbN film^^. 

The dynamics of a current-biased Josephson 
junction is governed by the phase difference 
Lp of the order parameter across the junction, 
as extensively described in literatur o^^'^^ 
and is equivalent to the classical motion 
of a particle in a washboard potential 
U[ip) = —E,j{cosip + j—f) with damping 
Q^^ — {LOpoRC)"-^ , where R and C are the 
junction resistance and capacitance, and 
ujpo = {2eIco/fiCy^^ is the zero bias plasma 
frequency. For k^T ^ Hujpo the escape process 
is dominated by thermal activation with a 
rate Tt — a((ajp/27r) exp (— ACZ/fc^T) where 
at = 4/[(l + QkbT/1.8AUy/^ + 1]^ is the 
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FIG. 2. Switching current probability distribution 
at H = OG for difTerent bath temperatures. The 
symbols represent data, and the lines are fit. The 
inset shows the quality of the fit at T=910mK, along 
with the data converted into escape rates. 



thermal prefactor. At low enough tempera- 
ture the escape is dominated by Macroscopic 
Quantum Tunnehng (MQT)^^ with a rate Tq = 
aqiu}p/2TT) exp [-7.2AU/hu}p (1 + 0.87/Q)] 
where a, = [1207r(7.2AC//fiwp)]i/2. To study 
the escape rates of a NbN/MgO/NbN J J we 
have measured the switching current probabil- 
ity of a JJ with 10/im diameter in a dilution 
refrigerator with a loaded base temperature of 
20mK. The current bias source was coupled 
through battery powered unity gain isolation 
amplifiers in order to be effectively discon- 
nected from the earth ground^^. Filtering was 
provided by low pass filters, with a cut-off 
frequency of 1.6MHz thermally anchored at 1.4 
K, and by a combination of copper powder— 
and twisted pair filters^* thermally anchored 
at the mixing chamber. A room temperature 
electromagnetic interference filter stage has 
been also used for the junction current and 
voltage lines. The junction was biased with a 
sweep rate dl/dt = 122^A/s and at least 10^ 
switching events have been recorded using a 
standard technique^S. 

The moderately damped nature of these junc- 
tions generates a characteristic diffusive phase 
dynamicsii. Here we focus on the MQT regime. 
In figure [2] we show the normalized switching 
current distribution at different temperatures 



along with a theoretical fit. For these fits we 
obtained Ico = 1-91 ± 0.03/i^, while the value 
of the damping, Q = 2.7±0.1, is deduced by 
fitting the escape rates at higher temperatures, 
in the phase diffusion regime, using a Monte 
Carlo simulation of the escape and retrapping 
procesaii. 

In fig. 13] we report the width of the distribu- 
tion, a, vs temperature. Above 90mK the data 
agree with predictions for thermal activation, 
the saturation of cr at T < 90mK indicates that 
the escape is dominated by quantum tunneling. 
The temperature dependence of a for a reduced 
critical current when an external magnetic field 
H is applied to the junction, is a neat confirma- 
tion of MQT (bottom right inset)-^. H induces 
a decrease of wp and therefore of the crossover 
temperature T^ross = ^^{{^ + 4^)^^^ " 2^) 
consistently with MQT expectations^^i^. An 
estimate of the capacitance C = 0.3pF and of 
the plasma frequency ujpo ~ 22 GHz can be ob- 
tained on the basis of Tcross and Ico, and there- 
fore of the measurements shown in figures [2] and 
[21 The value of the capacitance can in principle 
be calculated also from the position in voltage 
of the Fiske steps, but in our case, the ampli- 
tude of such steps is vanishingly small^l. This is 
partly due to the fact that the Fiske resonance 
amplitude depends on^ * (r/Xj)^, where r 
is the junction radius, therefore it fades out be- 
cause of the low values of Jc found in our junc- 
tions and because r ^ Aj. The discrepancy 
between the value of the capacitance obtained 
from MQT measurements and what calculated 
from Fiske steps is a long standing debateSiiS^. 

In conclusion MgO barriers of thickness of 
about 1.0 nm guarantee moderately damped 
NbN Josephson junctions with macroscopic 
quantum behavior for temperatures lower than 
90 mK. The devices are characterized by a set 
of parameters promising for the realization of 
systematic multiphoton quantum experiments, 
which take advantage of the fast non equilib- 
rium electron-phonon relaxation times of NbN 
common also to high 33fM^. The moder- 
ately damped nature of the junctions, further 
favored by a decrease in its size guarantees an 
experimentally feasible set of junctions parame- 
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FIG. 3. Temperature dependence of the standard 
deviation, a, of the switching distributions at zero 
magnetic field; the error bars are within the width 
of the data point. The top inset displays the switch- 
ing distributions mean current vs temperature for 
three values of applied magnetic field. The bot- 
tom inset shows a vs temperature below 300mK for 
two values of magnetic field. The arrows indicate 
the crossover temperature between the thermal and 
quantum regimes. 



ters, which can be further controlled during ER 
experiments. 

We acknowledge the support of the Euro- 
pean Commission through STREP "MIDAS- 
Macroscopic Interference Devices for atomic 
and SoHd State Physics: Quantum Control of 
Supercurrents" and a Marie Curie International 
Reintegration Grant within the 7th Framework 
Programme. 



^A.O. Caldeira and A.J. Leggett Annals of Physics 

149, 374 (1983) 
2j. Clarke and F.K. Wilhelm, Nature 453, 1031 (2008) 
^H. Yamamori, T. Yamada, H. Sasaki and A. Shoji, 

IEEE Trans. Appl. Supercond. 20, 71 (2010) 
"v. Larrey, J.-C. Villegier, M. Salez, F. Miletto- 

Granozio and A. Karpov, IEEE Trans. Appl. Super- 
cond. 9, 3216 (1999) 
^A. Kawakami, Y. Uzawa and Z. Wang, Appl. Phys. 

Lett. 83, 3954 (2003) 
^M. Ejrnaes, A. Casaburi, R. Cristiano, O. Quaranta, 

S. Marchetti, N.Martucciello, S. Pagano, A. Gaggero, 

F. Mattioli, R. Leoni, P. Cavalier and J. -C. Villgier, 

Appl. Phys. Lett. 95, 132503 (2009) 
''^F. Marsili, F. Najafi, C. Herder and K. K. Berggren, 

Appl. Phys. Lett. 98, 093507 (2011) 
®C. Delacour, J. Claudon, J. -Ph. Poizat, B. Pannetier, 

V. Bouchiat, R. Espiau de Lamaestre, J.-C. Villegier, 



M. Tarkhov, A. Korneev, B. Voronov and G. Golts- 
man, Appl. Phys. Lett. 90, 191116 (2007) 
'■*A. Verevkin, J. Zhang, Roman Sobolewski, A. Li- 
patov, O. Okunev, G. Chulkova, A. Korneev, K. 
Smirnov, G. N. Goltsman and A. Semenov, Appl. 
Phys. Lett. 80, 4687 (2002) 
MS.B. Kaplan, C. C. Chi, D. N. Langenberg, J. J. 
Chang, S. Jafarey and D. J. Scalapino, Phys. Rev. 
B 14, 4854 (1976) 

J.M. Kivioja, T. E. Nieminen, J. Claudon, O. Buisson, 

F. W. J. Hekking, and J. P. Pekola, Phys. Rev. Lett. 
94, 247002 (2005); J. Mannik, S. Li, W. Qiu, W. Chen, 
V. Patel, S. Han, and J. E. Lukens, Phys. Rev. B 71, 
220509 (2005) 

l^K. S. Il'in, M. Lindgren, M. Currie, A. D. Semenov, 

G. N. Gol'tsman, Roman Sobolewski, S. I. Chered- 
nichenko and E. M. Gershenzon, Appl. Phys. Lett. 
76, 2752 (2000) 

^•^B. Ivlev, G. Pepe, R. Latempa, A. Barone, F. Barkov, 
J. Lisenfeld and A. V. Ustinov, Phys. Rev. B 72, 
094507 (2005) 

"A. Wallraff, T. Duty, A. Lukashenko, and A. V. Usti- 
nov, Phys. Rev. Lett. 90, 037003 (2003); A. Wallraff, 
A. Lukashenko, J. Lisenfeld, A. Kemp, M. V. Fistul, 
Y. Koval and A. V. Ustinov, Nature. 425, 155 (2003) 

l^S. Saito, M. Thorwart, H. Tanaka, M. Ueda, H. 
Nakano, K. Semba and H. Takayanagi, Phys. Rev. 
Lett. 93,037001 (2004) 

I'^T. Bauch, T. Lindstrom, F. Tafuri, G. Rotoli, P. Dels- 
ing, T. Claeson and F. Lombardi, Science 311, 56 
(2006) 

^^A. Kawakami, Z. Wang and S. Miki, Jour. App. Phys. 

90, 4796 (2001) 
^*J.S. Kline, H. Wang, Seongshik Oh, J. M. Martinis 

and D. P. Pappas, Supercond. Sci. Technol. 22, 015004 

(2009) 

^^Z. Wang, A. Kawakami, Y. Uzawa, and B. Komiyama, 
Jour. App. Phys. 79, 7837 (1996) 

20a. Shoji, M. Aoyagi, S. Kosaka, F. Shinoki, and H. 
Hayakawa, Appl. Phys. Lett. 46, 1098 (1985) 

2^J.S. Moodera, R. Meservey and P.M. Tedrow, IEEE 
Trans. On Magnetics Mag-21, 551 (1985) 

22d. E. Gates, A. C. Anderson, C. C. Chin, J. S. Derov, 
G. Dresselhaus, and M. S. Dresselhaus, Phys. Rev. B 
43, 7655 (1991) 

2'^B. Komiyama, Z. Wang and M. Tonouchi, Appl. Phys. 
Lett. 68, 562 (1996) 

2*A. Barone and G. Paterno Physics and Applications 
of Josephson effect, Wiley, New York 1982. 

^^M.H. Devoret, J.M. Martinis and J. Clarke, Phys. 
Rev. Lett. 55, 1908 (1985); J.M. Martinis, M.H. De- 
voret and J. Clarke, Phys. Rev. B 35, 4682 (1987) 

2^D.A. Bennett, L. Longobardi, Vijay Patel, Wei Chen, 
D. V. Averin, and J. E. Lukens, Quantum Inf. Pro- 
cess., 8, 217 (2009) 

27F.P. Milliken, J. R Rozen, G. A. Keefe and R. H. Koch, 
Rev. Sci. lustrum. 78, 024701 (2007) 

28l. Spietz, J. Teufel and R.J. Schoelkopf, (2006) 



5 



http;// arxiv.org/ abs / cond-mat / 0601316 

D.A. Bennett, L. Longobardi, V. Patel, W. Chen and 

J. E. Lukens, Supercond. Sci. Technol. 20, S445 (2007) 



^"Y.N. Ovchinnikov, A. Barone and A. A. Vaxlamov, 

Phys. Rev. Lett. 99, 037004 (2007) 
^^M.A.H. Nerenberg and J. A. Blackburn, Phys. Rev. B 

9, 3735 (1974) 



